Disturbed gene expression may disrupt the normal process of repair and lead to pathologic situations resulting in excessive scarring. To prevent and treat impaired healing it is necessary to first define baseline gene expression during normal repair. The objective of this study was to compare gene expression in normal intact skin (IS) and wound biopsies (WM), using suppression subtractive hybridization (SSH) to identify genes differentially expressed during wound repair in horses. Tissue samples included both normal intact skin and biopsies from 7 day old wounds. IS cDNAs were subtracted from WM cDNAs to establish a subtracted (WM-IS) cDNA library. 226 non-redundant cDNAs were identified. Detection of genes previously shown to be expressed 7 days following trauma, including COL1A2, ANXA2, COL6A3, ACTB, FGF-7, LAMR1, MMP1, SPARC and TIMP-2, supported the validity of the experimental design. An RT-PCR assay confirmed an increase or induction of the cDNAs of specific genes (COL1A2, MMP1, DSPG2, CD68, CD163 and ADAM9) within wound biopsies. Among these, COL1A2 and MMP1 had previously been documented in horses. 68.8% of the cDNAs had not previously been attributed a role during wound repair, of which SSAT, SERPINB10 and SNX9 were highly expressed and whose known functions in other processes made them potential candidates in regulating the proliferative response to wounding. In conclusion, we have identified novel genes that are differentially expressed in equine wound biopsies and which may modulate repair. Future experiments must correlate changes in mRNA levels for precise molecules with spatio-temporal protein expression within tissues.
Introduction
Traumatic wounds are common in the horse where primary closure is frequently precluded by considerable tissue loss and contamination, such that repair must occur by second intention. Horses suffer from chronic non-healing wounds similar in appearance to venous leg ulcers in man, and, conversely, from excessive fibroplasia also referred to as "proud flesh", that subsequently compromises epithelialization and contraction. Both conditions ultimately lead to extensive scarring which may adversely affect function.
Chronic, indolent wounds appear to result, in part, from an imbalance between matrix metalloproteinases (MMP)s and tissue inhibitors of metalloproteinases (TIMP)s.
Chronic wound fluid is characterized by elevated levels of proteinases which lead to excessive protein degradation and the inactivation of critical growth factors (72) . Chronic wounds also contain reduced levels of TIMPs, exacerbating the degradative environment.
Equine proud flesh resembles pathologic scarring in man (hypertrophic scar; keloid) in which the normal sequence of repair becomes dysregulated and the evolving scar is trapped in the proliferative phase of repair (24, 31) . Several factors have been incriminated in this condition in horses including an inefficient inflammatory response to trauma (78, 79) , persistent local up-regulation of pro-fibrotic cytokines (69, 70, 73) , a disparity between the synthesis and degradation of collagen (61) , as well as microvascular occlusion and deficient apoptosis of the cellular components of granulation tissue (unpublished data). Despite this knowledge, attempts at ameliorating the repair of chronic wounds and preventing the development of keloids in the horse have been disappointing. This no doubt relates to the lack of information pertaining to the molecular mechanisms regulating repair.
Dermal wound repair involves intricate exchanges between multiple cell types, cytokines and ECM molecules acting locally and in parallel with numerous systemic factors such as platelets, the coagulation cascade, and cellular and humoral components of the immune system (66) . Events are conventionally divided into synchronized and interrelated phases including acute inflammation, cellular proliferation, and finally, matrix synthesis and remodeling with scar formation. The transition between phases requires the activation and/or silencing of many genes, such that a disturbance in gene expression could lead to abnormal scarring.
A handful of studies have analyzed the expression of specific genes during normal or impaired healing, in particular those regulating ECM molecules and cytokines (56, 9, 62) , although only one has been performed in the horse (61) . While these investigations have yielded valuable data, they are far from comprehensive. Indeed, given the complexity of the repair process, a thorough outline of all contributing molecules is required if healing is to be positively influenced. Furthermore, prior to interpreting abnormal genetic responses to wounding, the gene expression profile of normal injured skin must be characterized, as has recently been done in man (12) and rats (66) .
The objective of this study was to pinpoint genes that are differentially expressed during the proliferative phase of repair by comparing gene expression in biopsies of seven day-old wounds with that in intact skin. Identification and characterization of gene expression patterns will contribute to a better understanding of the overall repair process and ultimately permit the development of novel diagnostic and therapeutic strategies to resolve wound healing complications.
Materials and methods

Experimental animal model, tissue collection, and RNA isolation
Four healthy, 2-to-3 year old Standardbred mares were used for the experiment, which was sanctioned by the Canadian Council on Animal Care. The animals were kept in standing stalls, examined daily for signs of discomfort and systemic illness and wounds were monitored until complete healing.
Horses were sedated then local anesthesia was performed at the site destined for wounding on one randomly chosen hemi-thorax per horse. The surgical sites were aseptically prepared and a full-thickness, 6.25cm 2 wound was created with a scalpel and left to heal by second intention with no dressing. Excised skin from each wound was kept as the normal intact skin sample (IS). Full-thickness specimens were taken seven days post-operatively with an 8-mm diameter biopsy punch. The biopsies (WM) included a 3-to 4-mm section of the wound margin composed of peripheral skin and the migrating epithelium, as well as a 3-to 4-mm section of granulation tissue from the wound center.
Biopsies were snap-frozen in liquid nitrogen and stored at -80°C until RNA extraction.
Total RNA from IS and WM was extracted as previously described (3) . The concentration of total RNA was quantified by measuring optical density at 260 nm, and its quality was evaluated by visualizing the 28S and 18S ribosomal bands following electrophoretic separation on agarose gel with ethidium bromide (58) .
Suppression subtractive hybridization (SSH)
In order to counter inter-animal variation, identical amounts (1 µg) of total RNA from each horse were pooled within IS and WM groups. The SSH procedure was validated and is used routinely in our laboratory (36, 17, 8 Subtraction efficiency was assessed via PCR amplification using equine genespecific primers, by comparing the abundance of cDNAs before and after subtraction.
Two genes were analyzed, one that is constitutively expressed: glyceraldehyde 3-phosphate dehydrogenase (GAPD), (GAPD GenBank accession number AF157626;
sense:
5'-CAAGTTCCATGGCACAGTCACGG-3';
antisense:
5'-AAAGTGGTCGTTGAGGGCAATGC-3'); and another that is known to be up-regulated in wound healing in rodents: MMP3 (40, 47), (MMP3 GenBank accession number U62529;
5'-GTGTTGGTCGAGTGATAGAGACC-3'). Advantage 2 DNA polymerase (BD Biosciences Clontech) was used to perform PCR amplification, and 5µl aliquots were removed after 15, 20, 25 and 30 cycles for analysis on agarose gel. Subtraction efficiency was estimated by noting the different number of cycles needed to generate approximately equal amounts of the corresponding PCR product in subtracted and unsubtracted samples.
Cloning of subtracted cDNAs
The subtracted cDNAs were cloned into the pDrive plasmid (Qiagen PCR cloning kit, Qiagen Inc, Mississauga, ON, Canada) in 10 µl ligation reaction to construct the WM-IS subtracted library and used to transform competent TOP10F' E. coli as described previously (36).
Differential hybridization screening
The subtracted WM-IS cDNA library (950 individual colonies) was used to establish macroarrays for differential screening, as previously described (36, 17 
Gene expression analysis
Semi-quantitative RT-PCR was used to confirm the differential expression pattern of selected cDNA clones identified by SSH. The clones were analyzed with RNA from the four horses used in the experiment, and for each horse the IS and WM samples were compared. SMART PCR cDNA synthesis technology (BD Biosciences Clontech) was used to generate cDNAs from 1 µg of total RNA from each IS and WM sample, as 
Statistical analysis
Gene-specific signals for RT-PCR analyses were normalized by establishing a ratio with corresponding GAPD signals for each sample. Homogeneity of variance between IS and WM biopsies was verified by O'Brian and Brown-Forsythe tests (28) .
Corrected values of gene-specific mRNA levels were compared between intact skin and wound margin biopsies by one-tailed paired t-test (SAS version 9.0, Cary NC). Data are presented as least-square means ± SEM.
Results
Experimental animal model
Wounds in all horses healed uneventfully. None became infected or developed exuberant granulation tissue (proud flesh).
Identification of differentially expressed genes using SSH
A cDNA library containing transcripts up-regulated seven days post-wounding was obtained by subtracting IS cDNAs from WM cDNAs via SSH (WM-IS). A reverse library was also constructed by subtracting WM cDNAs from IS cDNAs to be used as a control (IS-WM). PCR amplification analysis was used to verify efficiency of the subtraction procedure by comparing the expression of GAPD and MMP3 before and after subtraction. As expected, GAPD showed a marked decrease in relative abundance of cDNA in the WM-IS sample following SSH. Indeed, GAPD products were detected after only 15 PCR-cycles in the WM unsubtracted sample whereas in the subtracted sample (WM-IS), 20 PCR-cycles were necessary for detection on agarose gel (Fig. 1A) . To evaluate the enrichment efficiency of genes known to be up-regulated during wound repair in rodents, the abundance of MMP3 (40, 47) cDNAs was investigated ( Of the initial 950 clones, differential screening identified 405 true positives.
Following visualization on agarose gel, 361 clones were deemed of adequate quality to be analyzed by sequencing. Three hundred and fifteen clones ultimately generated (68.8%) has not previously been described during wound repair (Fig 3) . "Known genes" correspond to genes with known sequence and function (E < e -30 ). "Uncharacterized sequences" correspond to genes with known sequence but unknown functions (BAC clones, cDNAs or EST) (E < e -20
). "Novel sequences" correspond to sequences with no significant match in the GenBank database (E > e -20 ). "Known genes" were further subdivided into three categories; 1) genes whose presence had previously been documented in dermal wound repair; 2) genes whose presence had previously been reported in tissue repair, not necessarily specific to skin; and 3) genes whose presence had not previously been reported during wound repair.
Gene expression analysis
To confirm that the genes we identified by SSH are differentially expressed between normal intact skin and a seven day-old wound margin, a comparative RT-PCR assay was performed on seven selected genes as described in Table I . For this procedure, cDNAs were generated from total RNA and the number of PCR cycles was optimized for each gene. All of the genes analyzed in this manner showed a statistically significant increase in seven day-old wound margins compared with normal intact skin (Fig. 4) . accumulate to a greater extent and in a disorganized manner in horse wounds that are predisposed to excessive scarring (78, 61) . In the present study, screening of our WM-IS subtracted cDNA library identified the COL1A2 gene 14 times.
Dermatan sulfate proteoglycans (DSPG)s play a significant role in tissue development and assembly, as well as participating in direct and indirect signaling and modulating the cellular response to growth factors (18). For example, DSPGs are thought to increase growth factor-mediated fibroblast migration and proliferation (15) . Dermatan sulfate proteoglycan 2 (DSPG2) was previously identified in dermal wound repair seven days following trauma (5) and was found twice in the current study. Since "proud flesh"
is characterized by an increased density of dermal fibroblasts, it might be interesting to study the implication of DSPG2 in limb wounds predisposed to excessive scarring.
Matrix metalloproteinase 1 is critical to wound repair as it is one of only three collagenases able to degrade interstitial collagens. Reduced expression of MMP1 retards such important processes as cell migration, angiogenesis and tissue remodeling, thus slowing the repair process. A study defining the pattern of change during the repair of skin wounds in pigs reported no detectable mRNA for MMP1 in intact skin, however by 24 hours post-wounding levels peaked then progressively declined until day 35 (74) . In the present study, screening of the WM-IS cDNA library confirmed the presence of MMP1 in seven day old body wounds in horses. Defective collagenolysis is a feature of hypertrophic scars and keloids in man and excess TGF-, which inhibits ECM turnover by concurrently inducing TIMP and reducing MMP expression, has been incriminated.
While TGF-mRNA and protein levels persist over time in repairing equine limb versus body wounds (61, 69), a recent study documented a significantly greater amount of MMP1 mRNA in body than in leg skin of horses prior to wounding, however this difference in gene expression disappeared seven days following trauma (61) . These data are unexpected, as it could be anticipated that wounds of the horse limb, predisposed to excessive fibroplasia, would display reduced levels of MMPs during the proliferative phase of repair. We plan to verify this data using SSH to compare biopsies from seven day old body and leg wounds in horses.
While CD68, CD163 and ADAM9 have not specifically been associated with the repair of skin wounds, these genes are known to regulate certain responses to trauma.
Human CD68 and its mouse homolog macrosialin are trans-membrane proteins found almost exclusively in macrophages and macrophage-like cells (27) . Although the exact function of CD68/macrosialin proteins remains to be elucidated, in practice CD68 is often used to evaluate the importance of monocytes/macrophages in tissues (22). We report an increase in CD68 expression in seven-day wound margin biopsies compared to intact skin, suggesting the presence of monocytes/macrophages in the tissues, previously shown histologically (69) . Interestingly, wound repair in the horse is characterized by a weak but protracted inflammatory phase (78) , which may perpetuate the release of tissuedamaging lysosomal enzymes as well as mediators such as TGF-which over-stimulate fibroplasia leading to the formation of exuberant granulation tissue (13) . It would be interesting to investigate whether CD68 mRNA is differentially expressed in equine limb wounds predisposed to the development of "proud flesh" versus the normally repairing body wounds investigated herein. Of the 31 genes previously shown by others to be expressed during dermal repair, nine had been documented specifically seven days following trauma (mentioned above)
while the presence of 22 had been shown in dermal wound repair but not specifically during the proliferative phase (Table II) . We also identified eight cDNAs corresponding The remaining 68.8% cDNAs identified by SSH screening had not previously been attributed a role in wound repair. Among these, we believe that spermidine/spermine-N-acetyltransferase (SSAT), serine proteinase inhibitor B10
(SERPINB10) and sorting nexin 9 (SNX9) in particular could be interesting novel candidate genes associated with the proliferative phase of dermal wound repair in horses.
Catabolism of polyamines spermidine and spermine is achieved by the collaborative effort of two enzymes, cytosolic SSAT and a polyamine oxidase (25) .
Spermidine and spermine appear crucial to the proliferation of mammalian cells via the promotion of cell growth or the induction of apoptosis when they occur in excess (75) , while it appears that an activation of polyamine catabolism, via SSAT, is more closely related to an anti-proliferative action (25) . It has recently been shown that overexpression of SSAT enhances integrin-mediated migration of leukocytes and epithelial and endothelial cells (11). Thus, SSAT could potentially be involved in cell migration and / or apoptosis, both critical to wound repair. Specifically, it would be interesting to investigate the role of SSAT during angiogenesis and epithelialization, as well as during chronic inflammation when leukocyte migration is excessive and persistent.
The SERPINs are a superfamily of proteins that trap their targets by undergoing a conformational rearrangement in order to protect cells from proteinase-mediated injury. becomes tyrosine-phosphorylated and is suggested to play a role together with Ack2 in the degradation and recycling of the receptor for EGF, leading to reduced levels in cells (38). Since EGF modulates numerous cellular activities during the healing process, depletion of its receptor through the action of SNX9 must be tightly regulated or could lead to aberrant repair including, among others, delays in epithelialization.
It is worthwhile to note that this study profiled gene expression at one specific time-point, while wound repair is a dynamic process. Indeed, one would expect progressive changes in the expression pattern of a gene over time. Future studies have been planned to address this issue; specifically, we intend to map the spatio-temporal expression of selected genes in both normal wounds and those healing aberrantly.
In conclusion, we have succeeded, through the use of SSH, in sketching a partial blueprint of the baseline gene expression profile during the proliferative phase of normal dermal wound repair in horses. It is apparent from this study and others that more genes may be active players in the normal transcriptional response to injury. Although the immediate significance of some gene sequences identified by SSH may not be readily apparent, we did identify several others that are highly expressed after injury and may have an unappreciated role in regulating the proliferative response to wounding. This initial step serves as a precursor to elucidating abnormal genetic responses to trauma in order to eventually predict which wounds may be predisposed to a chronic inflammatory response or excessive fibroplasia and extensive scarring. Moreover, the data generated herein enables the design of hypothesis-driven studies that will describe the function of key genes in biological processes. Future experiments must correlate changes in mRNA levels for precise molecules with spatio-temporal protein expression within the tissues. 
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